Background/Aims: Myocardial ischemia/reperfusion (I/R) injury remains a great challenge in clinical therapy. Tissue inhibitor of metalloproteinases 3 (TIMP3) plays a crucial role in heart physiological and pathophysiological processes. However, the effects of TIMP3 on I/R injury remain unknown. Methods: C57BL/6 mice were infected with TIMP3 adenovirus by local delivery in myocardium followed by I/R operation or doxorubicin treatment. Neonatal rat cardiomyocytes were pretreated with TIMP3 adenovirus prior to anoxia/reoxygenation (A/R) treatment in vitro. Histology, echocardiography, in vivo phenotypical analysis, flow cytometry and western blotting were used to investigate the altered cardiac function and underlying mechanisms. Results: The results showed that upregulation of TIMP3 in myocardium markedly inhibited myocardial infarct areas and the cardiac dysfunction induced by I/R or by doxorubicin treatment. TUNEL staining revealed that TIMP3 overexpression attenuated I/R-induced myocardial apoptosis, accompanied by decreased Bax/Bcl-2 ratio, Cleaved Caspase-3 and Cleaved Caspase-9 expression. In vitro, A/R-induced cardiomyocyte apoptosis was abrogated by pharmacological inhibition of reactive oxygen species (ROS) production or MAPKs signaling. Attenuation of ROS production reversed A/R-induced MAPKs activation, whereas MAPKs inhibitors showed on effect on ROS production. Furthermore, in vivo or in vitro overexpression of TIMP3 significantly inhibited I/R-or A/R-induced ROS production and MAPKs activation. Conclusion: Our findings demonstrate that TIMP3 upregulation protects against cardiac I/R injury through inhibiting myocardial apoptosis. The mechanism may be related to inhibition of ROS-initiated MAPKs pathway. This study suggests that TIMP3 may be a potential therapeutic target for the treatment of I/R injury.
Introduction
Myocardial ischemia caused by coronary blockage underlies the majority of cardiovascular-related deaths [1, 2] . It is clinically presented as permanent and fierce retrosternal pain, resulting in myocardial infarction, shock, cardiac arrhythmia or heart failure [3, 4] . Early restoration of blood flow into the ischemia area is the most commonly therapeutic strategy, such as coronary angioplasty, percutaneous coronary intervention and coronary artery bypass grafting, which can save ischemic myocardium and rescue the patient life [1] . However, ischemia/reperfusion (I/R) inevitably leads to acute tissue injury, seriously limiting the clinical curative effect [5] . Hence, understanding the underlying mechanisms and developing novel strategies are important for the prevention and treatment of cardiac I/R injury.
Since fibrosis is the major cause of myocardial infarction and heart failure, the regulation of extracellular matrix (ECM) deposition has been received increasing attentions [6] . The turnover of ECM is mediated by a family of enzymes, such as matrix metalloproteinases (MMPs), disintegrins and metalloproteinases (ADAMs) [7, 8] . The tissue inhibitor of metalloproteinases (TIMPs) plays a critical role in regulating MMPs activity and ECM formation, because the imbalance between MMPs and TIMPs markedly disrupts ECM integrity in multiple cardiovascular diseases [9, 10] . Among the four TIMPs, TIMP3 is a unique member, which not only inhibits MMPs activity, but also functions as a potent inhibitor of ADAMs [11, 12] , indicating a crucial role of TIMP3 in the regulation of ECM deposition.
Accumulating evidences have demonstrated the important role of TIMP3 in cardiovascular disorders. ApoE -/-TIMP3 -/-mice showed accelerated atherosclerosis and aneurysms, while upregualtion of TIMP3 could limit the development of atherosclerosis [10, 13, 14] . Loss of TIMP3 exacerbated sepsis-or hypertension-induced endothelial cell barrier dysfunction [11, 15] . Correspondingly, there are also some limited studies indicating TIMP3 has a role in regulation of heart function. Mouse heart lacking TIMP3 amplified the cross-talk between TGFβ1 and TNF signaling with an early onset of cardiac response to pressure overload, which in turn developed marked myocardial fibrosis [16] . In addition, TIMP3 deficiency accelerated ADAMs and MMPs-mediated dilated and hypertrophic cardiomyopathies [17, 18] . However, the role of TIMP3 in the context of myocardial fibrosis and infarction is relatively less investigated when considering classical risk factor such as I/R injury. Thus, this study aims to investigate whether TIMP3 prevents against cardiac I/R injury and to explore the underlying mechanisms. Our work provides a novel understanding of TIMP3 in the pathogenesis of myocardial dysfunction and further highlights the potential therapeutic functions of TIMP3.
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9 pfu of Ad-TIMP3 in a final volume of 50 μl was injected into the left ventricular (LV) cavity through the tip of the heart with a 36-gauge needle. Intramuscular injections were made in approximately 10 different sites. After adenovirus delivery, the chest was closed with sutures and the mice were transferred back to the cages for recovery. To perform I/R surgery, after anesthesia, the animals were ventilated on a rodent respirator via a tracheostomy. A later thoracotomy was performed, and a reversible snare occlude was placed around the left anterior descending coronary artery at 2 to 3 mm from the tip of the left auricle. I/R injury was induced by tightening the snare for 30 min, followed by reperfusion for 4 h (acute injury) or for 8 weeks (chronic injury). Sham-operated mice underwent the same procedure except the snare was left untied.
Similar to I/R injury, a well-established mouse model of chronic Dox infusion was used to further investigate the role of TIMP3 in regulating cardiotoxicity and heart failure. After adenovirus delivery as described above, mice were anesthetized and implanted with a Mini osmotic pump (Alzet pumps Model 2002, Alzet, CA, USA), which was loaded with 200 μl of either saline (vehicle for Dox), or Dox at a dose of 15 mg/kg of body weight, at a rate of 0.5 μL/h, for a period of 14 days.
Echocardiography
Cardiac function of mice was evaluated by echocardiographic analysis using an animal specific instrument (Vevo770; VisualSonics, ON, Canada) as previously described [5, 19] . During I/R operation, ischemia was confirmed by observing ST segment elevation and QRS widen on echocardiograms. At the end of animal experiments, LV ejection fraction (EF) and percentage fractional shortening (FS) were calculated.
Infarct size measurement
Myocardium infarct size was measured as previously described [19, 20] . After anesthesia, the heart was excised, and 1 mL of 5% Evans Blue dye was injected into the ascending aorta to visualize the nonischemic area. The coronary artery was re-ligated at the site of occlusion prior to Evans blue infusion. Then, the ventricular tissues were kept overnight at -80 °C and sliced into 2 mm thick sections, which were incubated with 1% TTC for 15 min at 37°C to visualize the ischemic but not infarct area (area at risk, AAR). The unstained region manifested infarcted myocardium. Infarct area and AAR were measured with computer assisted planimetry (Image 1.57, NIH, MD, USA). Infarct size was expressed as infarct area divided by AAR (IF/AAR).
Assay of lactate dehydrogenase (LDH) release
At the end of the experiments, blood samples were immediately collected from the abdominal vena cava and centrifuged for 10 min at 3000 × g to obtained serum. LDH release was spectrophotometrically measured using the CytoTox 96 non-Radioactive Cytotoxicity Assay kit (Promega, G1780, WI, USA) according to the manufacturer's instructions.
Masson trichrome staining
Slides were incubated with Masson trichrome reagent for 15 min, followed by counterstaining with hematoxylin. To measure the extent of the increase of cardiac fibrosis quantitatively, the collagen tissue area was determined using quantitative image analysis software (Image 1.57) by rating the area occupied by Masson trichrome-positive area and expressed as percentage of the full LV area.
Cardiomyocytes isolation and treatment
Rat ventricular cardiomyocytes for in vitro experiments were isolated from 1-to 2-day-old neonatal Sprague-Dawley rats as described previously [21] . Cells were maintained in DMEM supplemented with 10% FBS and antibiotics (streptomycin/penicillin, 100 μg/mL) in a humidified incubator with 5% CO 2 at 37 °C. Cardiomyocytes anoxia/reoxygenation (A/R) model was performed as previously described [22] . To induce cell anoxia, cardiomyocytes were cultured in serum-free DMEM saturated with 95% N 2 /5% CO 2 in an anaerobic chamber with 95% N 2 /5% CO 2 for 24 h. For reoxygenation, the culture medium was changed to DMEM/10% FBS, and cells were incubated in a 5% CO 2 /37 °C incubator for 24 h. Adenovirus carrying TIMP3 was added to upregulate TIMP3 expression in cultured cells for 24 h before A/R treatment. For measurement of apoptosis in vivo, the frozen heart sections were incubated with TUNEL Reaction Mixture at 37 °C for 60 min. For evaluation cardiomyocyte apoptosis in vitro, cells were fixed with 4% paraformaldehyde, permeated with 0.1% Triton X-100, and incubated with TUNEL Reaction Mixture for 60 min at 37 °C. After a 5 min DAPI counterstain at room temperature, cells were photographed with a confocal microscope (FV1000, Olympus, Tokoyo, Japan). The percentage of TUNEL-positive cells was calculated by ratio of (stained apoptotic cells)/(total number of cells)×100%.
TUNEL staining

Western blotting
Protein was extracted from cardiomyocytes or from the anterior wall of LV using RIPA lysis buffer (Beyotime Institute of Biotechnology, Shanghai, China) with protease inhibitor cocktail (Thermo, MA, USA). Protein concentration was determined using a Bradford assay (Bio-Rad Laboratories, CA, USA). The extracted protein (60 μg) was separated by SDS-PAGE gel and then transferred onto a Polyvinylidene Fluoride (PVDF) membrane (Millipore, MA, USA). After blocking, the membranes were respectively probed with the following specific antibodies: p-p38 (1:1000, sc-7973), p38 (1:1000, sc-7149), p-JNK (1:500, sc-6254), JNK (1:1000, sc-7345), p-Erk1/2 (1:500, sc-136521), Erk1/2 (1:2000, sc-135900) and β-actin (1:2000, sc-81178) (Santa Cruz, CA, USA); Bcl-2 (1:1000, #3498), Caspase-9 (1:1000, #9508) and Caspase-3 (1:500, #9662) (Cell signaling Technology, MA, USA). The horseradish peroxidase-conjugated secondary antibodies were purchased from Beyotime. Bands were visualized by an enhanced chemiluminescence system (Thermo Scientific, Pittsburgh, USA) and quantified by Image 1.57 software.
Reactive oxygen species (ROS) detection
Heart sections and cardiomyocytes were incubated with H 2 DCF-DA (10 μmol/L) for 30 min at 37 °C in dark and then rinsed with PBS three times. The fluorescence was observed with a fluorescence microscope (BX61, Olympus) and the fluorescence intensity was analyzed by Image 1.57 software.
Cell apoptosis assay
Cardiomyocyte apoptosis was determined by a FITC-Annexin V Apoptosis Detection Kit (Beyotime, C1063) using flow cytometry. Cells were digested with trypsin, harvested by centrifugation, and then resuspended in a binding buffer of Annexin V-FITC and propidium iodide (PI) for 15 min at room temperature in dark. The apoptotic cells were counted by Accuri C6 flow cytometry (BD Biosciences, CA, USA) and the apoptosis percentage was calculated with the accompanying software (CFlow Plus software, BD Biosciences).
Statistical analysis
The results were expressed as mean value ± standard error of mean (SEM). n represents the number of experiments. Statistical analysis of data was performed by one-way ANOVA, followed by the Bonferroni multiple comparison test. P<0.05 was considered statistically significant.
Results
Overexpression of TIMP3 diminishes I/R-induced myocardial injury
Myocardial infarction was measured by Evans blue-TTC staining after 4 h of reperfusion. The blue color denotes the non-ischemic area, while the pink and white regions represent as the ischemic and infarct area, respectively. As shown in Fig. 1A , no infarct area was found in myocardium from sham-operated mice. However, I/R mice exhibited apparent infarction. Compared with I/R mice, overexpression of TIMP3 with adenoviral vector encoding mouse TIMP3 (Ad-TIMP3) significantly decreased the myocardial infarct area. This was supported by the quantification of IF/AAR (Fig. 1B) . LDH is a well-known indicator of cytotoxicity during various myocardial injuries, including I/R. The results showed that the release of LDH in I/R mice was higher than that of sham mice, and Ad-TIMP3 administration lowered this kind of increase (Fig. 1C) . To further explore the potential contribution of TIMP3 in the sequelae of I/R injury, a chronic I/R experimental model was induced by 30 min ischemia and 8 weeks reperfusion. In this model, TIMP3 overexpression resulted in a reduction in myocardial fibrosis and the ratio of heart weight to body weight (Fig. 1D-F) . Moreover, Cellular Physiology and Biochemistry
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echocardiography results showed that I/R-induced the impairment of cardiac function, as evidenced by decreased EF and FS, was significantly ameliorated in Ad-TIMP3-treated mice ( Fig. 1G-H ). In addition, TIMP3 upregulation markedly lowered chronic I/R-induced mortality (Fig. 1I ). These data suggest that TIMP3 is important for I/R-induced myocardial injury and its associated sequelae.
TIMP3 upregulation restrains Dox-induced myocardial injury
Dox, an anthracycline antibiotic, is widely used for the treatment of a variety of cancers. However, its clinical utility is largely limited by the development of severe cardiotoxicity. To investigate whether TIMP3 ameliorates myocardial injury caused by different insults, we determined the contribution of TIMP3 in Dox-induced myocardial dysfunction and heart failure. As expected, LDH release was significantly elevated after Dox insult. Overexpression of TIMP3 reduced its levels as compared with mice treated with Dox alone (Fig. 2A) . Moreover, Dox challenge induced obvious cardiac remodeling, including decreased fibrosis and hypertrophy, which were remarkably ameliorated after Ad-TIMP3 administration (Fig. 2B-D) . Echocardiography tracing showed EF and FS were more severely reduced in the Dox alone-treated mice than in that mice co-treated with Dox and Ad-TIMP3 ( Fig. 2E  and F) . Furthermore, Ad-TIMP3-treated mice also markedly decreased the susceptibility to Dox-induced mortality (Fig. 2G) . The results indicate that TIMP3 is indispensable for Doxinduced cardiotoxicity.
TIMP3 attenuates myocardial apoptosis induced by I/R injury
To elucidate the possible mechanism of TIMP3-mediated cardiac protection in vivo, TUNEL staining was applied to assess the role of TIMP3 in myocardial apoptosis. The in hearts from sham mice. After 30 min ischemia and 4 h reperfusion, the percentage of TUNEL-positive cells was significantly increased. However, the apoptotic cells in I/R mice was markedly reduced by TIMP3 overexpression, whereas Ad-Lacz had no obvious effect on I/R-induced myocardial apoptosis (Fig. 3A) . The statistical result of the percentage of TUNEL-positive cells validated the alteration in myocardium apoptosis (Fig. 3B) . To further investigate how TIMP3 protects against I/R-induced myocardial apoptosis, we determined apoptosis-related molecules expressions using western blotting assay. The results showed that Bcl-2 expression was significantly decreased, whereas Bax, Cleaved Caspase-9 and Cleaved Caspase-3 expressions were increased, at 4 h after reperfusion. Upregulation of TIMP3 prevents I/R-induced inhibition of Bcl-2, and it also blocked the promotion of Bax, Cleaved Caspase-3 and Cleaved Caspase-9 ( Fig. 3C and D) . These data suggest that TIMP3 protects against myocardial injury, probably through inhibition of myocardial apoptosis.
Activation of ROS and MAPKs signaling pathways in I/R-induced myocardial apoptosis
Since both ROS and MAPKs have been considered important mediators of cell apoptosis [23] [24] [25] , we initially investigated the effect I/R injury on these pathways activation in cardiomyocytes. H 2 DCF-DA staining showed that the ROS production in heart slices from I/R mice was dramatically increased as compared with sham mice (Fig. 4A and B) . In addition, -- western blotting results showed a significant phosphorylation of p38, JNK and Erk1/2, three MAPKs, upon I/R operation ( Fig. 4C and D) . To further investigate which one of two signalings was or whether both were responsible for myocardial apoptosis, we employed pharmacological inhibitors of ROS and MAPKs, and then measured their effects on A/Rinduced cardiomyocyte apoptosis in vitro, a condition mimicking in vivo I/R. The Annexin V-FITC/PI data showed that A/R treatment increased the apoptotic rate to 61.4±7.5%. In contrast to I/R, the apoptotic cell population were markedly decreased by antioxidant (Tempol or NAC), p38 inhibitor (SB203580), JNK inhibitor (SP600125) or Erk1/2 inhibitor (PD98059) alone ( Fig. 4E and F) . Consistently, these inhibitors also significantly reduced TUNEL-positive cells induced by A/R treatment ( Fig. 4G and H) . Taken together, these data indicate that I/R-induced cardiomyocyte apoptosis is mediated by ROS and MAPK signaling pathways.
ROS is the upstream of MAPKs in A/R-induced response
To test whether the increase in ROS production precedes MAPK activation, cardiomyocytes were incubated with antioxidants prior to A/R treatment. Western blotting analysis demonstrated that Tempol or NAC substantially blocked the MAPKs activation as shown by significantly inhibiting A/R-induced p38, JNK and Erk1/2 phosphorylation ( Fig.  5A and B) . However, SB203580, SP600125 or PD98059 had no effect on A/R-induced the increase in ROS production in cardiomyocyte (Fig. 5C and D) . These findings suggest that A/R-mediated ROS activation is the upstream of MAPKs phosphorylation.
Forced TIMP3 expression mitigates cardiomyocyte apoptosis by inhibiting ROS/MAPKs signaling
We further examined whether TIMP3 is involved in I/R-activated ROS/MAPKs pathway, which in turn leads to regulate cardiomyocyte apoptosis. As shown in Fig. 6A , I/R-induced 
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ROS production was significantly inhibited by TIMP3 overexpression. Additionally, we observed that the phosphorylation of p38, JNK and Erk1/2 was dramatically reduced in Ad-TIMP3-treated I/R mice ( Fig. 6B and C) . Moreover, we also confirmed these results by treating cardiomyocytes with A/R condition. Similarly, A/R-triggered ROS production and p38, JNK and Erk1/2 phosphorylation were all alleviated in cells infected Ad-TIMP3, but not Ad-Lacz (Fig. 6D-F ). These results demonstrate that the inhibitory effect of TIMP3 on cardiomyocyte apoptosis was mediated, at least in part, by inhibiting ROS/MAPKs activation.
Discussion
Although the survival of patients with ischemic heart diseases has been improved due to different forms of reperfusion therapy, the prognosis of patients is still grim because of I/R-induced injury [1] . Here, our study shows that TIMP3 upregulation ameliorates I/Rinduced myocardial infarction, fibrosis, dysfunction and heart failure through attenuating myocardial apoptosis. Mechanistically, this is the first report on the anti-apoptotic function of TIMP3 in cardiomyocytes, which we further demonstrates that is mediated, at least in part by inhibiting ROS/MAPKs axis.
TIMP3 expression is closely associated with multiple cardiovascular disorders. It has previously been shown that TIMP3 expression is reduced in atherosclerosis, abdominal aortic aneurysm and type 2 diabetes mellitus from human subjects or experimental Cellular Physiology and Biochemistry models [10, 26, 27] . The abnormal TIMP3 expression served as a causal mediator of the corresponding pathophysiologic process [10, 11, 13, 15] . Notably, TIMP3 is highly expressed in heart, and its expression is also decreased in myocardial infarction animal model and heart failure patients [28, 29] . This downregulation was thought to be associated with dilated cardiomyopathy, exacerbated LV dysfunction and increased mortality of heart failure [3, [16] [17] [18] 28] . Recent study has provided evidence supporting that re-expression of TIMP3 protects against remodeling-induced myocardial infarction, possibly through reducing MMP activity and promoting coronary angiogenesis [9] . Nevertheless, apart from the above study, there is no information related to the cardiac protective role of TIMP3 in myocardial dysfunction, in particular induced by I/R injury. Here, we tested whether restoration of TIMP3 in myocardium, could ameliorate I/R-induced myocardial injury. We found that upregulation of TIMP3 by adenoviral infection attenuated I/R-induced myocardia infarct size, cytotoxicity, remodeling, contractile dysfunction and mortality. The protective role of TIMP3 was also confirmed in the severe cardiotoxicity induced by Dox in vivo. Our data showed that TIMP3 overexpression was able to reduce infarct size upon Dox treatment, concomitantly with lowered LDH release, fibrosis degree and mortality. These results further demonstrate that TIMP3 is indispensable for myocardial dysfunction. Previous studies have suggested that I/R injury can cause irreversible myocardial apoptosis and necrosis, the degree of which markedly influences the treatment effects and prognosis of myocardial infarction [4, 5, 22] . Myocardial apoptosis occurs at the onset of I/R injury and almost sustains throughout the whole process of cardiac remodeling and dysfunction, indicating that cardiomyocyte apoptosis is the major pathological indicator of myocardial injury [30, 31] . Hence, inhibition of cardiomyocyte apoptosis can ameliorate myocardial dysfunction after I/R injury and limit myocardial remodeling development [32] . Although previous studies have revealed that TIMP3 plays an important role in regulating apoptotic activity in certain cancers [33, 34] , prior to present study, it is unclear whether TIMP3 is involved in myocardial apoptosis undergoing I/R injury. The present data demonstrated that upregulation of TIMP3 inhibited myocardial apoptosis, as evidenced by reduced TUNEL-positive cells. These results were also supported by the changes of apoptosis-related molecules through western blotting analysis. Bcl-2, Bax, Caspase-3 and Caspase-9 are known as apoptosis-related proteins, with Bcl-2 being an anti-apoptosis factor, while Bax, Caspase-3 and Caspase-9 as pro-apoptotic molecules [2] . We found that the ratio of Bax/Bcl-2, Cleaved Caspase-3 and Cleaved Caspase-9 expression were all increased after reperfusion, as compared to sham group, while these upregulation was significantly suppressed by TIMP3 overexpression. Therefore, these results suggest that upregulation of TIMP3 alleviates I/R-induced injury via inhibiting myocardial apoptosis.
Oxidative stress-mediated ROS is tightly connected with cardiac dysfunction [4, 32] . The imbalance between the production and scavenging of ROS can cause an irreversible damage to cells, eventually leading to cell apoptosis [22] . Antioxidant agents have been considered as a potent therapeutic approach for the treatment of I/R injury [23] . MAPKs, including p38, JNK and Erks, are linked to ROS production, which has a pivotal role in cardiovascular diseases. The extent of MAPKs phosphorylation is a critical determinant in deciding cell death and survival, and excessive activation of MAPKs can result in detrimental effects [24, 25] . In the current study, we found activation of ROS and MAPKs signaling in heart of I/R mice, suggesting the involvement of ROS and MAPKs in cardiac I/R injury. Indeed, our in vivo and in vitro data showed that both ROS and MAPKs mediated I/R-and A/R-induced cardiomyocyte apoptosis, because pharmacological inhibition of ROS or MAPKs almost completely abolished the increase in apoptotic cell population, in line with the important roles of ROS and MAPKs in regulating apoptotic heart cell death [23, 24, 35] . Since ROS and MAPKs seem to be involved in the same signaling pathway, we proceeded to test the sequence of ROS and MAPKs. Our present data showed that inhibition of ROS with antioxidant agents could substantially block MAPKs activation, while MAPKs inhibitors failed to produce significant effect on A/R-induced ROS production. These results indicate that ROS is the upstream of MAPKs in the I/R-induced response. Interestingly, upregulation Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry of TIMP3 markedly abrogated I/R-or A/R-induced the activation of ROS/MAPKs signaling. The present findings demonstrate that TIMP3 is an upstream regulator of ROS/MAPKs axis, suggesting it may hold great promise as a therapeutic target.
Conclusion
Our present study demonstrates that TIMP3 protects the myocardium against I/R injury by inhibiting myocardial apoptosis through ROS-initiated MAPKs pathway. These findings suggest that upregulation of TIMP3 expression may provide an efficient approach for the amelioration of myocardial injury induced by I/R.
Cellular Physiology and Biochemistry
Cellular Physiology and Biochemistry
